Cigarette smoking has been implicated in the pathogenesis of cataract, but the pathogenic mechanism by which cigarette smoke causes cataract is yet to be completely understood. There has been suggestion that oxidative damage caused by accumulation of Fenton reagents (iron and copper) in the lens can cause lens damage and possibly cataract. To investigate the accuracy of this theory the study was planned. A number of twenty-four male Wistar rats were divided randomly into experimental and control groups. The experimental group of rats were exposed to cigarette smoke for two hours in each day over sixty consecutive days and the controls were treated in identical fashion but only exposed to room air. At the end of the study period, both eyes of all the animals were enucleated and one eye prepared for histopathological examination and the other used for the measurement of metal levels. The lenses of experimental animals showed significantly decreased zinc and increased iron, and calcium concentration relative to those of sham exposed controls. However, no significant difference was found in the copper contents of the lenses of both groups. Distinct histopathological changes such as hyperplasia, hypertrophia, and multilayering of epithelial cells and elevations of calcium concentration detected in the lenses of experimental group animals suggested that the lens damage was a result of in-vivo exposure to tobacco smoke. We propose that increased metal contents in the lens can cause lens damage by the mechanism of oxidative stress through formation of oxygen radicals via metal catalysed Fenton reaction.
Introduction
Many epidemiological observations indicated that cigarette smoking increases the risk of developing both nuclear sclerosis and posterior sub-capsular cataract (Cristen et al., 1992 ; Hankinson et al., 1992 ; Lesiewska, 1994 ; Hirvela, Luukinen and Laatikanen, 1995 ; West et al., 1995) . Furthermore, the frequencies of more severe levels of nuclear sclerosis are being related to years of cigarette smoking (Klein et al., 1993) . However, the mechanism by which cigarette smoke contributes to cataractogenesis is yet to be understood. It is logical to think that the many toxic substances present in cigarette smoke, can participate in cataractogenesis. Indeed, cigarette smoke contains reactive oxygen species and some trace and heavy metals (Shalini et al., 1994 ; Musalo-Rauhamaa et al., 1986) . Accumulation of metals in the eye lens may be associated with lens injury and cataractogenesis in smoking people, since cadmium was reported to be present to a large extent in the lenses of smoking people affected by nuclear cataracts compared with non-smoking controls who had a similar disease (Ramakrishnan et al., 1995) . We are interested in different metals (iron and copper) that are known to be present in large quantities in tobacco smoke (MusaloRauhamaa et al., 1986) . These metals are of interest as they undergo univalent redox reactions and can participate in the enzymatic and nonenzymatic oxidation and peroxidation of biological molecules. Iron and copper also act as Fenton reagents and O# can be reduced to the more toxic oxygen metabolites (such as H # O # and HO − ) using Fe# + and other transition metals in the Fenton reaction (Van Albert, 1990 ; Sadrzadeh et al., 1984 ; Lalonde et al., 1994) . Accumulation of H # O # and HO − in lens tissue may contribute to cataractogenesis (Jernigan et al., 1981 ; Bhuyan and Bhuyan, 1984 ; Lohmann, Schmehl and Strobel, 1986 ; Varma et al., 1984) . We performed histopathological examinations of the rat lenses after exposing them to tobacco smoke and also measured the iron, calcium, copper, and zinc concentrations in the lenses. The results were compared with shamexposed controls. The aim of the study was to determine whether cigarette smoke can contribute to the accumulation of these metals in the lens causing lens damage. 
Materials and Methods

Animals
Male Wistar rats (200-350 g body weight) were randomly divided into experimental and control groups. The rats were housed in stainless steel wire cages except during smoke exposure and fed with standard rat chow and tap water ad libidum. The study was carried out according to the ARVO resolution for the use of animals in research. The brand of cigarette ' Maltepe ' which is manufactured from a typical Turkish blend of tobacco was used in the study. The experimental group of rats (n l 12) were exposed to cigarette smoke for two hours in each day over sixty consecutive days using a smoking machine (a modification of exposure system described by Chen et al. (1989) . The control animals (n l 12) were restrained in identical chambers but only exposed to room air.
Smoke Generation and Exposure
The smoke exposure system consists of three glass chambers, fans, and pumps. Centrifugal fans are attached to all chambers of the smoking machine. Pumps are used to push the air through the burning cigarette into the generation chamber and then to the dilution and exposure chambers respectively. One volume of cigarette smoke was mixed with nine volumes of room air in the dilution chamber using rotating fans. During smoke exposure, rats were placed in the exposure chamber (20 l) and inhaled 10 % of cigarette smoke. Each filter cigarette was burned for approximately 8-10 minutes and a total number of 12-15 cigarettes was used each day. Before and immediately after exposure, a number of experimental and control animals were anaesthetised with ether and cardiac blood samples were collected into heparinized tubes. The heparinized blood was centrifuged at 4000 rpm for 15 minutes and thiocyanate levels were determined from the separated plasma. Two mililiters of the rat plasma was transferred into 15 ml glass-stoppered graduated centrifuge tubes and diluted with water to the 5 ml mark. Five mililiters of trichloracetic acid (20 % solution) were added to precipitate the proteins. Five mililiters of ferric nitratenitric acid reagent was added to 5 ml of the filtrate.
Absorbance of the test substance was determined at a wavelength of 460 nm. The concentration of thiocyanate in the test sample was calculated by comparing the absorbance of the same with that of a known concentration of thiocyanate treated in a similar manner. Fifty-three determinations of plasma thiocyanate levels from the experimental group and forty-five from the control groups were performed in the pre and post-exposure stages.
Preparation of the Tissue Samples and Determinations of the Metal Levels
Both eyes of all rats were enucleated under high ether anaesthesia after the last exposure and enucleated eyes were kept, without cooling, in an insulated container until lens dissection (no later than 2 hr postmortem). The anterior portion of the eye was removed by cutting just posterior to the limbus under the magnification of a Leica Wild (Switzerland) coaxial operating microscope and stainless steel surgical equipment. The lens was removed after carefully cutting the suspensory ligaments and great care was taken to avoid contamination from neighbouring tissues and environmental sources. The freshly dissected lenses were rolled in filter paper to remove all adherent vitreous and iris, the lens was then dried at 80mC for 24 hr. The dried lens was weighed to the nearest 0n1 mg using a Sartorius Basic Electrobalance (Model BA 1105, Germany) and transferred to a glass vial that was pre-washed with HNO $ free of trace elements. After cleaning the lens with distilled water, it was digested by heating at 140mC in a mixture of concentrated nitric and perchloric acid (in a volume ratio of 5\1). The mouth of the tube was covered with paraffin and stored at 4mC until analysis could be performed. Element concentrations (calcium, iron, copper and zinc) were determined by a flame atomic absorption technique (Spectra AA Varian Model 400, Kirkbright, Australia). The element content was expressed as µg g −" (dry weight). The element concentration of all lenses from either experimental or control groups were measured separately. A total number of twelve measurements were performed for each element in both groups.
The other eye was fixed in 10 % buffered paraformaldehyde. We divided the bulbus oculi into two pieces through a line that connects the centre of the cornea to the optic nerve head. Tissue samples were prepared in autotechnicon and then embedded in paraffin. A number of five slices (of 5 µm thickness) for each eye were obtained by using microtome, they were then investigated and photographed using a Carl Zeiss Oberkochen Photomicroscope. The specimens were read on a masked bias. A total of 60 control lens specimens and 60 experimental specimens were analysed.
Statistical Analyses
The results were expressed as meanpstandard deviation. Wilcoxon matched-pair signed rank and Mann-Whitney U tests were also performed.
Results
In the experimental group, mean plasma thiocyanate levels were measured as 3n7p0n5 mmol l −" and 119p11n4 mmol l −" pre and post-exposure to tobacco smoke, respectively (P 0n05). The plasma
T II
The element concentrations of the lenses of both experimental and control groups of rats (meanpstandard deviation)
Iron Calcium Zinc Copper Sham-exposed control group (n l 12) 4n43p1n24* 2n60p0n21 31n15p8n28 0n79p0n15 Smoke inhaled group (n l 12) 12n75p6n27 3n20p0n26 23n43p5n21 0n80p0n03 Statistical significance** P 0n05 P 0n05 P 0n05 P 0n05
* µg g−" (dry tissue weight) ; ** Statistical analyses were performed by using Mann-Whitney U test.
F. 1. A lens specimen which of the control group. The lenticular epithelium (Ep.) is unilayered and composed of low cuboidal type cells. Epithelial cells are observed as having fusiform cytoplasm and oval nucleus (H-E, i60).
thiocyanate concentration reached a very high level after smoke exposure in the experimental rats. On the contrary, mean plasma thiocyanate levels of the control group were found to be 3n0p0n4 mmol l −" and 3n9p0n4 mmol l −" , respectively before and after the sham exposure. The plasma thiocyanate level did not change significantly after sham exposure in the control rats (P 0n05) (Table I) .
Significantly higher iron and calcium levels were observed in the lenses of the smoke inhaled rats in the those of the sham exposed group. On the other hand, the lens zinc concentration of the experimental group of rats were found to be significantly lower than those of the controls. No significant difference was found in the copper contents of the lenses from both groups (Table II) .
In the control group of animals, the epithelial cells of the lens were unilayered and composed of low cubical type epithelium. In all the analysed specimens, epithelial cells had a fusiform and scanty cytoplasm, oval shaped nucleus, and smooth basal (capsular) surface (Fig. 1) . The arrangement in the lenses of the F. 2. A specimen from the experimental group of animals. Multilayering of the epithelial cells (Ep) is clearly seen. Additionally, the cytoplasm and nucleus of the cells are seen as larger and more spherical relative to controls (H-E, i60).
F. 3. Another specimen which belongs to another animal in the experimental group. One can easily observe all pathologic changes in the features in the Fig. 1 (Ep. ). An additional finding is that this lens has a roughened and somewhat irregular basal (capsular) surface (arrowhead). Such a similar changes of lens capsules were observed in five out of the twelve experimental animals (H-E, i60). experimental group however showed significantly different features compared to controls. Multilayering of the epithelial cells in the anterior surface was present in all slices (Figs 2 and 3) . The cytoplasm of epithelial cell lost its fusiform appearance and become more abundant (Figs 2 and 3) . The nuclei of the cells was larger and more spherical in relation to the controls. The basal membranes of the lenticular epithelium (anterior capsule of the lens) appeared rougher and contained irregular areas in five of the twelve experimental animals compared to the smooth surface areas in control animals (Fig. 3) .
Discussion
Tobacco smoke is one of the important public health problems throughout the world. Diseases related to tobacco smoke do not occur solely in active smokers, but also in those exposed to environmental tobacco smoke (Morb-Mortal Weekly Report, 1992) . Cigarette smoke can cause many disorders in the human body and the eye, many epidemiological observations indicate that cigarette smoking leads to an earlier onset of cataract (Cristen et al., 1992 ; Hankinson et al., 1992 ; Lesiewska, 1994) . In a recent experimental study, isolated capsulated rat lenses were incubated with cigarette smoke for varying periods of time, with and without antioxidants from this it was apparent that cigarette smoke permeates the lens capsule, imparts the lens colour, and opacifies the lens in a dose dependent manner (Shalini et al., 1994) . Antioxidants were seen to offer partial inhibition against the abovementioned lens damage. This observation indicates that cigarette smoke could cause cataractogenesis via oxidative damage to the lens. Strong evidence suggests the role of oxidative damage in pathogenesis of cataract. A significant increase in the levels of hydrogen peroxide (H # O # ) and hydroxyl (OH − ) radicals were reported to be present in both lenses and aqueous humour of cataract patients when compared to age matched controls (Spector and Garner, 1981) . Furthermore, epidemiological studies indicate that cataract free people tend to consume more supplementary antioxidant vitamins C and E than those affected with cataracts. Cataract free people also tend to have higher plasma vitamin C, vitamin E, and carotenoid levels than normal controls (Robertson, Donner and Trevitchick, 1991 ; Jacques and Chylack, 1991) . Oxidative radicals such as H # O # and OH − damage the physiological activities of the lens such as the Na-K ATPase activity and electrolyte transport (Garner, Garner and Spector, 1986) . Two possible sources of the enhanced activity of H # O # and OH − in the lens after smoke exposure are polycyclic aromatics and Fenton metal ions (Shalini et al., 1994) . Iron and copper are Fenton reagents and produced H # O # and OH − through the Fenton reaction (Van Alberk, 1990 ; Sadrzadeh et al., 1984 ; Lalonde et al., 1994) . These metals are present in high levels in cigarette smoke and we found significantly higher concentrations of iron in the lenses of the experimental group of rats than those of the controls. Clearly, two possible routes by which these elements reach the eye lens are : (a) through the cornea and (b) the systemic circulation but, the dominant route is not known. Although cigarette smoke contains large amounts of copper, it was found that the copper content of the lenses was not different between the two groups.
Histopathological analyses revealed that in-vivo exposure to tobacco smoke damaged the lenses of the rats. Morphological changes in the anterior lenticular epithelial cells such as hyperplasia, hypertrophy, and multilayering of the epithelium were observed in the histological analyses of all slices belonging to the experimental group of lenses. However, in the control animals, anterior epithelium appeared as a uniform monolayer of nucleated cells as would be expected (Spencer, 1985) . Similar changes in cultured rat lenses after exposure to wood smoke condensate were reported by Rao et al. (1995) who indicated that constituents of wood smoke condensate, accumulated in the cultured rat lens and this accumulation was associated with distinct morphological changes such as hyperplasia, hypertrophy, and multilayering of epithelial cells. While their study was on organ culture, and those of Shalini, et al. (1994) was on isolated capsulated lenses in-vitro, the present study was carried out in-vivo, which confirms these earlier findings. Irregularity on the anterior lens capsule was also found in five of the experimental animals. However, we do not know whether this change can indicate a specific event, but we think that it is probably related to lens damage from tobacco smoke. The increased calcium concentration observed in the experimental group of lenses is probably an additional pathological event in lens injury from in-vivo exposure to tobacco smoke, since an elevation of cytosolic calcium concentration is recognised as a critical event in the initiation of apoptosis or toxic cell injury . The mechanism by which a sustained elevation of cytosolic calcium can cause cell killing during oxidative stress seem to involve both distribution of the cytoskeletal network and an uncontrolled activation of calcium dependent enzymes (Mirakelli et al., 1989) . Actually, an experimental study showed that rat lenses in the calcium rich medium developed cataract ( (Bettelheim, Qin and Zigler, 1995) . The sulfydryl complexing agent pchloromercuriphenylsulphonate (pCMPS) was used in a similar experiment and a significant increase of calcium level in cataractous lenses were observed (Vrensen et al., 1995) . Though our study indicated only a slight increase in calcium levels after smoke exposure (mean 2n6 vs. mean 3n2), this increase was found to be statistically significant.
These results suggest that damage of the rat lens after in-vivo exposure to tobacco smoke occurred via the mechanism of oxidative stress. In this connection, the lower zinc concentration in the experimental group of lens may indicate enhanced consumption of this antioxidant element and\or antioxidant enzymes to counterbalance the effect of oxidants, since zinc acts as cofactor of several antioxidant enzymes (such as superoxide dismutase, gluthation peroxidase, and catalase) and has an antioxidant capacity in itself (Bray and Buttger, 1990 ; Ulmer, 1983) . Normal copper levels that were found in the experimental group of lenses also supported the theory of oxidative damage, as copper is a Fenton reagent and was expected to be present in higher concentrations in the experimental group but, on the other hand, it also is essential for the activity of several antioxidant enzymes (such as superoxide dismutase) (Van Alberk, 1990 ; Sadrzadeh et al., 1984 ; Lalonde et al., 1994) . We found no significant increase in copper levels in the cigarette smoke-exposed rat lenses although it is well known that copper is present in large quantities in tobacco smoke. This finding may be explained by excessive use of copper in the eye lens for generation of antioxidant enzymes to counteract the oxidative stress caused by tobacco smoke.
We believe that the experimental group of rats in our experiments were exposed to the tobacco smoke effectively, since very high plasma thiocyanate levels were observed in the experimental group of animals after exposure, while no significant changes were observed in the lenses of controls. The level of plasma thiocyanate is known to be a good indicator of smoke exposure (Densen et al., 1967) . Thiocyanate is a metabolite of hydrogen cyanide (Waage et al., 1992) . The main sources of hydrogen cyanide in cigarette smoke are the aminoacids and proteins that are present in tobacco (Waage et al., 1992) . Biochemical determination of plasma thiocyanate levels is commonly used to distinguish smokers from non-smokers (Waage et al., 1992 ; Haaley, Axeliad and Tilrun, 1983) .
In conclusion, smoke exposure may cause toxic cell injury of the rat lens as suggested by histopathological findings and elevated calcium concentration in the lens. Increased iron and decreased zinc levels in the lens suggest the possible role of oxidative damage. Clearly, additional studies are needed to investigate the mechanism of effect(s) of cigarette smoke on the lens but our present in-vivo studies on experimental animals provide support to the oxidative stress theory (Shalini et al., 1994 ; Rao et al., 1995) , and suggest antioxidant modes of counteracting this stress.
